Abstract. Bovine parathyroid hormone has been isolated in homogeneous form, and its complete amino acid sequence determined. The bovine hormone is a single chain, 84 amino acids long. It contains amino-terminal alanine, and carboxyl-terminal glutamine. The bovine parathyroid hormone is approximately three times the length of the newly discovered hormone, thyrocalcitonin, whose action is reciprocal to parathyroid hormone.
The hormonal control of calcium metabolism has been the subject of intensive investigation for several years. Two hormones, parathyroid hormone and thyrocalcitonin, have now been shown to exert reciprocal control on the serum calcium concentration. A great deal of information concerning the chemistry, physiology, and mode of action of thyrocalcitonin has been obtained, and recently reviewed.1'2 A significant body of information has also been acquired concerning the chemistry and physiology of the parathyroid molecule since the initial preparation of a biologically active extract of parathyroid glands by Collip in 1925.3 The development of a sensitive bioassay by Munson in 1954,4 and improved extraction procedures by Aurbach5 and Rasmussen and Craig6 in 1959 greatly facilitated research into the chemistry and physiology of the parathyroid hormone. With the availability of hormone of higher purity, a sensitive immunoassay was developed in several laboratories;7-10 this has allowed the measurement of the hormone in several physiological and clinical states. Further insight into the physiology of parathyroid hormone was obtained when Chase and Aurbach reported the stimulation of adenyl cylase by parathyroid hormone, which indicated that adenosine 3': 5'-cyclic monophosphate (cAMIP) is the mediator of the hypercalcemic response of the hormone." In addition, these investigators have also demonstrated a diminished renal excretion of cAM\IP in response to parathyroid hormone in patients with pseudohypoparathyroidism. 12 Chemical studies of parathyroid hormone have recently been reviewed.13-'5 The available evidence indicated that the bovine parathyroid hormone was 74-83 amino acids in length and had a molecular weight of approximately 8500. Preliminary structural studies, reported by Potts and co-workers, included the isolation of several tryptic peptides, the sequence of the first 10 amino acids of the intact hormone, and the first 7 amino acids of a peptide fragment obtained from cyanogen bromide cleavage of the hormone. 14 The purpose of this communication is to report the amino acid composition and complete covalent structure of bovine parathyroid hormone.
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Materials and Methods. The starting material used in these studies was a trichloroacetic acid powder of defatted bovine parathyroid glands obtained from Wilson Laboratories (Chicago, Ill.). The procedures used in the isolation and characterization of bovine parathyroid hormone are described in detail elsewhere, '6 and involve fractionation of the trichloroacetic acid powder by gel filtration, followed by ion-exchange chromatography on CM-sephadex. These procedures isolated a major bovine hormone as well as a minor peptide which was observed in variable amounts in pooled glands. The latter peptide differs in composition from the major hormone by only a few amino acids.
Amino acid analyses were made with a Beckman-Spinco Automatic Amino Acid Ana- Results. Amino acid composition: Bovine parathyroid hormone has been isolated in homogeneous form from a trichloroacetic acid precipitate of defatted parathyroid glands. 16 Disc gel electrophoresis of the purified hormone revealed a single electrophoretic band, and Edman amino terminal analysis showed a single amino acid, PTH-alanine (Fig. 1) . The purified hormone has a biological activity of greater than 3000 U.S.P. units per mg, and contains 84 amino acids. '6 The amino acid composition of the isolated hormone, determined by a combination of timed acid hydrolysis and total enzymatic digestion, is as follows: Lys9, His4, Arg,, Trpl, Tyr,, Phe2, Leu8, 11e3, TIet2, Val8, Ala7, Pro2, Gly4, Glu6, Gln5, Ser8, Asp6, Asn3. Cystine and threonine are absent.
Tryptic digestion: Tryptic digestion of native parathyroid hormone produced nine major peptides. The individual peptides were isolated in homogeneous form by the methods outlined above. The amino acid composition of hydroly- sates of these nine peptides are shown in Table 1 . Tryptic peptide T4 contained only lysine on amino acid analysis, and cochromatographed with dilysine on TLC. Total enzymatic digestion of tryptic peptide T-3 revealed one residue of tryptophan per molecule of peptide. In addition to the nine major peptides, a minor tryptic peptide (designated T-7') was isolated and had the following composition: Pro,, Arg1, Lys4, Ser2, Glu4, Asps, Glyl, His1, Leu2, Val2, Ala1.
Edman degradations: The complete amino acid sequence of bovine parathyroid hormone was determined by sequential Edman degradations on the intact hormone and tryptic peptides. Two manual degradations were performed on the intact hormone. One series involved 15 cycles, the other 21 cycles. The sequence obtained from the latter degradation corresponded to the amino acids present in the tryptic peptides T-1 and T-2, indicating that these two peptides were the first and second tryptic peptides in the sequence. The sequences of the remaining tryptic peptides, T-3 to T-9 (except T4, dilysine), were obtained by manual degradations on the individual isolated peptides. Amino  T   T2   T3  T4  T5  T6  T7  T8  T9   Acid   -------- The carboxyl-terminal residue was determined by amino acid analysis of the shortened peptide after the appropriate number of cycles for each peptide. In addition, tryptic peptides T-3, T-6, and T-9 were analyzed by subtractive analysis of the residual peptide. The results obtained by subtractive analysis of tryptic peptide T-9 were as follows: isolated peptide (acid hydrolysis, residues per mole) Ala 1.06, Lys 0.99, Pro 1.00, Glu 0.95; Step 1 Ala .04, Lys .90, Pro 1.14, Glu 0.86; Step 2 Ala .03,-Lys 0.15, Pro 1.01, Glu 0.99; Step 3 Ala .04, Lys .06, Pro .49, Glu 1.0. Direct amino acid analysis of T-9 after the third step revealed the glutamic acid function to be glutamine. This tryptic peptide, T-9, was the only tryptic peptide that did not contain a carboxyl-terminal basic residue; this indicated that T-9 was the carboxyl-terminal tryptic peptide. The sequences of the tryptic peptides T-3 to T-9 are shown in Fig. 2 Edman degradations were also performed with the automated Beckman Sequencer, model 890A. Three degradations were performed involving 35, 46, and 66 cycles. The results were in agreement with the sequence determined by the manual degradation of tryptic peptides T-3 to T-8, and, in addition, aligned tryptic peptides T-1 to T-8 in the sequence (large arrows, Fig. 2) .
TRYPTIC PEPTIDES
In order to confirm the alignment of the last three tryptic peptides (T-7, T-8, and T-9), the native hormone was acylated to prevent cleavage of lysine residues by trypsin. After cleavage of the acylated hormone with trypsin, a peptide (designated acetyl T-6) was isolated that contained the amino acids present in the three tryptic peptides at the carboxyl terminal end of the hormone (T-7, T-8, and T-9, Fig. 2) . Amino-terminal analysis of this peptide revealed lysine, in accord with the alignment of the tryptic peptides in the sequencer degradation. In addition, the alignment of the last four tryptic peptides (T-6 to T-9) was in agreement with the composition of tryptic peptide T-7', which contained the last two amino acids in T-6, the 13 amino acids in T-7, and the first seven amino acids in T-8.
Carboxyl-terminal glutamine was confirmed by hydrazinolysis, followed by dinitrophenylation of the hydrazinolysate and identification of the diDnp monohydrazide of glutamine.29 No carboxyl-terminal residue was released during 24-hr digestion of the hormone with carboxypeptidase A and B. The resistance to carboxypeptidase is attributable to the penultimate proline in the sequence. 30 Several additional peptides (not included in Fig. 2 for clarity) have been obtained by cleavage of the purified peptide with chymotrypsin, pepsin, and cyanogen bromide and are consistent with the alignment of the tryptic peptides as outlined in Fig. 2 .
The combined results of the sequence analysis of bovine parathyroid are shown in Fig. 2 .
Representative gas-liquid chromatograms of various steps in the degradation of the intact hormone and the tryptic peptides are shown in Fig. 3 . No significant overlap or contaminant peaks were observed in the degradation, thereby permitting a definitive identification of each amino acid in the sequence.
Discussion. The complete covalent structure of bovine parathyroid hormone has been determined. The bovine hormone contains 84 amino acids, and the carboxyl-terminal amino acid is glutamine. Only 4 of the 84 residues are aromatic, including a single tryptophan (residue 23) , tyrosine (residue 43), and two phenylalanines (residues 7 and 34). The two methionine residues are present near the amino terminal portion of the molecule at position 8 and 18. There are two proline residues in the molecule, at position 51, and, penultimate, at position 83. Three of the nine aspartic acid and five of the eleven glutamic acid functions are amides. A group of three basic residues (arginine-lysine-lysine) is repeated twice in the sequence at positions 25-27 and 52-54.
The isolated peptide reported in this communication contains 10 amino acids more than that reported by Rasmussen,13 and one amino acid more than that reported by Potts.14 No threonine was present in our peptide, in contrast to 1 mol of threonine per molecule of peptide reported by both Rasmussen"3 and Potts.3' Potts, however, suggested that no threonine was present in the hormone since no threonine was detected in their tryptic peptides.31 Four of the nine tryptic peptides reported in this communication are identical in amino acid composition to the peptides obtained by Potts.'4 The first eight amino acid residues of our sequence are identical to those reported by Potts.'4 In the last two steps of their Edman degradation, residue 9 was, however, reported as asparagine, and residue 10 as leucine.14 In our studies, residue 9 was histidine, residue 10 asparagine, and residue 11 a leucine. In addition, Potts assigned a methionine to position 17, and the initial sequence (seven residues) of the large peptide fragment obtained by cyanogen bromide cleavage was assigned to positions 18-24.14 In the completed sequence reported here, the methionine is at position 18 with the corresponding residues following in positions [19] [20] [21] [22] [23] [24] [25] Fig. 2) .
A biologically active peptide fragment, prepared by dilute acid cleavage of the parathyroid hormone, was initially reported by Rasmussen and Craig. 32 The active fragment of the hormone is approximately one third the size of the intact peptide,14'32 and has been localized to the amino terminal end of the hormone. 14 Dilute-acid cleavage of peptides has been shown to preferentially occur at aspartic acid residues.33 Aspartic acid functions are present at positions 30, 33, and 45 in the amino-terminal portion of the sequence. The active fragment would, therefore, appear to be between 30 and 45 amino acids in length; further studies will be necessary to determine its minimal length. Peptides of 30-45 amino acids in length can now be prepared by solid phase or classical synthesis, and it should be a relative short time until a biologically active synthetic fragment will be available for biological and clinical investigation.
It is of interest to compare the structure of bovine parathyroid hormone with the structure that we have determined for bovine thyrocalcitonin,34 since these two hormones have antagonistic physiological effects. The two hormones are significantly different in size, with thyrocalcitonin (32 residues) being approximately one third the size of the parathyroid hormone. Both hormones have a single tyrosine and tryptophan residue, have an unsubstituted a-amino group, and are resistant to carboxypeptidase digestion. Thyrocalcitonin contains a 1-7 amino-terminal disulfide bridge; but no cystine is present in the parathyroid hormone. There are no overall similarities in the amino acid sequences of the two hormones.
The elucidation of the complete amino acid sequence of the parathyroid hormone will now enable more detailed studies to be performed on the chemistry and physiology of the hormone, as well as the synthesis of chemical analogues, which should further increase the understanding of calcium metabolism and metabolic bone disease.
